A gene diversity survey was conducted on a range-wide sample of 81 populations of Quercus petraea. Allele frequencies were calculated at 13 enzyme-coding loci, of which 11 were polymorphic. There was a clear discrepancy in the levels of diversity at loci controlling enzymes of primary metabolism compared with those involved in secondary metabolism, the latter being more variable than the former. Quercus petraea is a highly variable species as are other longlived widespread forest species: at the species level, the mean number of alleles per population was 4.77 and the expected heterozygosity 0.265. Populations from the central part of the natural range exhibited fewer alleles but higher heterozygosities than populations from the margins of the distribution. Significant correlations were observed between allele frequencies and longitude for most loci, resulting in a dma! variation of allele frequencies across a continental gradient. The patterns of geographical variation in allele frequencies and levels of diversity were interpreted as a consequence of postglacial migration pathways.
Introduction
Geographical variation in forest trees has been widely studied in provenance research for morphological traits (Wright, 1976) . For widespread species distributed over large latitudinal or continental ranges, clear geographical clinal trends of variation have usually been found and important population differences have been observed that were attributed to environmental selection pressures. On the other hand, allozyme population surveys in widespread forest species have resulted in extremely low population differentiation (Hamrick et al., 1992; Kremer, 1994) , although geographical patterns have been detected (Lagercrantz & Ryman, 1990) when rangewide studies were conducted. In contrast to phenotypic traits, geographical trends of variation in ailozyme frequencies have been attributed to evolutionary footprints (Strauss et a!., 1992) , particularly recolonization routes.
Quercus petraea is a widespread species covering most of Europe from Spain to Russia and from Scotland to Turkey (Kleinschmit, 1993) . Its natural *Correspondence range is a continuous distribution, except in the southern limits where stands are scattered. Throughout its distribution, Q. petraea is associated with Q. robur resulting in mixed stands where unidirectional hybridization may occur, Q. pet raea preferentially pollinating Q. robur (Bacilieri et a!., 1995) . Provenance tests based on regional population collections have been established in several European countries (see Kremer et al., 1993 for a review) . While important population differences were discernible for growth and adaptive traits, no clear geographical trends appeared as a result of the limited regional population sampling.
Allozyme diversity studies in oaks have shown similar patterns of variation to those of other forest tree species (Hamrick et al., 1992) . A series of papers (Kremer et a!., 1991; Mülier-Starck & Ziehe, 1991; Müller-Starck et a!., 1993) has shown that Q. petraea is characterized by high within-population diversity associated with a low differentiation among populations. These studies, however, failed to reveal any geographical pattern in gene frequencies, mostly because they were limited to a regional population sample. It was our objective to address the geographical organiza-506 tion of allozyme diversity over the entire range of Q.
petraea. Despite its large distribution, early results indicated only minor differentiation among populations (Zanetto et a!., 1993) . Our focus was to assess the geographical delineation of gene frequency and diversity differences, even if they were small. The population sampling strategy was therefore designed so that: (i) minor gene frequency variation could be detected, and (ii) the geographical distribution of gene frequency and gene diversity could be tested. The strategy consisted of sampling a large number of populations over the whole distribution of the species and of clustering populations in geographical groups so that comparisons could be made between groups. We attempted also to compare the geographical pattern of gene diversity with evolutionary records of postglacial migrations based on palynological data.
The second objective of this population study was to compare the levels of within-population diversity among populations. The underlying aim was to provide basic information for conservation strategies. Is the diversity evenly distributed throughout the natural range? Again the sampling strategy was designed so that various parameters of diversity could be accurately estimated. Particular attention was given to the number of alleles (allelic richness), a parameter that is more sensitive to frequency profiles than heterozygosity. As allozyme frequency profiles in forest trees are generally characterized by one rather frequent allele and several rare alleles (Conkle, 1992) , a large sample size is required to estimate allelic richness.
Materials and methods

Plant material
Eighty-one populations of Q. pet raea of putative native origin were sampled over the natural range of the species from Ireland to Turkey and from the Pyrenées to Norway. The sample also comprised populations originating from various altitudes ranging from sea level (French Brittany) to 1300 m Nor-00 0 N -N --_ ----(Alps), although most of the populations came from altitudes between 100 and 450 m (Fig. 1) ; only six populations originated from altitudes higher than 450 m. Geographical data were recorded for each population (latitude, longitude, altitude) and are given elsewhere (Zanetto, 1995, unpublished Thesis). The populations were clustered in 14 groups according to their geographical proximity (Fig. 1 In each stand, where a population was sampled, acorns were collected from the ground over an area of 15-20 ha, representing about 50 collecting points equally distributed with 100-200 seeds for each point. Seeds were only harvested when the fruiting was above average (more than 50 per cent of the trees bearing acorns). Seeds of all collection points were bulked in a single lot. A random sample of 120 seeds for each population was taken for the study of allozyme variation. In a few cases when collections could be made from single trees, open-pollinated progenies were collected in a stand from the same area. Acorns were harvested from at least 10 trees per stand (20 acorns for each family) and a random subset of 4-12 seeds per family was subsequently used for electrophoresis.
Starch gel electrophoresis
Acorns were soaked in water for 24 h and germinated on vermiculite in an incubator. When the radides were 2-4 cm long, enzymes were extracted from the radicle tissues and separated by standard horizontal starch gel electrophoresis. Formulations for extraction, electrode and gel buffers are given in Zanetto et al. (1994) . Buffer formulations for enzyme stains were adapted from Cheliak et a!. (1984) , Conkle et al. (1982) and Vallejos (1983) .
Eleven enzymes were analysed for the population survey: acid phosphatase (ACP, EC 3.1.3.2), alanine aminopeptidase (AAP, EC 3.4.11.1), diaphorase (DIA, EC 1.8 ._-l NNrON 6Pgd-A, 6Pgd-B). Because of the continuous improvement of the methods during the experiment, the number of loci increased during the experiment from eight to 13 (see Table 1 ). As a consequence, only 50 populations could be analysed with 13 loci, and the total set (81 populations) with eight loci.
The 13 enzymes can be separated into two different classes, according to the metabolism in which they are involved (Bergmann, 1991 ; enzymes of primary metabolism: class I; enzymes of secondary metabolism: class II; Table 1 ).
Gene diversity and differentiation statistics Allele frequencies were calculated for each population and gene diversity parameters estimated on a within-population basis. The parameters were: the number of alleles per locus (Ar), the observed heterozygosity (H0), the expected heterozygosity (Hep) and the effective number of alleles (Aep). A was counted within each population, H0 and Hep calculated according to Brown & Weir (1983) and Aep computed as l/(lHep). Confidence intervals for the mean value of each parameter (for each locus) were calculated empirically by a hierarchical bootstrapping over populations and individuals. One thousand bootstrap samples were generated for each sample.
Gene differentiation parameters were calculated with Nei's genetic diversity statistics (Nei, 1973 (Nei, , 1977 Nei & Chesser, 1983) . The total gene diversity (He) was subdivided into three components (H5, Dsg and Dgt; H Hs+Dsg+Dgt), where I-Is was the within-population gene diversity, Dsg the component of diversity resulting from population subdivision and Dgt the component of diversity resulting from geographical group subdivision.
Levels of differentiation [G5 = (H, -H5)/H5]
within geographical groups were calculated by computing separately I-It and H5 within each group. As the coefficient G55 also comprises differentiation within a population itself, G5 values may only be compared between groups if the number of populations per group is constant. To avoid bias from the uneven numbers of populations sampled per group, absolute differentiation (Dm) was calculated (Nei, 1977) :
where s is the number of populations per group and H and H5 are, respectively, the total and the withinThe Genetical Society of Great Britain, Heredity, 75, 506-517. population gene diversities. The coefficient of absolute gene differentiation G'5 is then:
Geographical variation of gene divers ity and allele frequencies Geographical variation of gene diversity and allele frequencies was tested in two ways: (i) overall geographical differences were evaluated by one-way analysis of variance of data corresponding to the different geographical groups (Fig. 1); and (ii) product-moment correlation coefficients (Sokal & Rohlf, 1981) were calculated between gene diversity statistics, allele frequencies and geographical data (latitude, longitude, altitude) to identify geographical trends of variation.
Spatial analysis of allele frequencies Moran's I coefficients (Sokal et a!., 1989) were calculated on the basis of allele frequencies. For each locus, only the most frequent allele was used for the autocorrelation analysis because allele frequencies for a given locus are not independent.
Results
Variation of allele frequency profiles
Allele frequency profiles differed markedly among the different enzymes. Frequency profiles referred to the distribution of allele frequencies for a given locus. The type of profile could be indicated by the discrepancy between values of A and Aep, the real and effective numbers of alleles. For example, if Aep was close to 1, and A was high (>3), the frequency profile was characterized by a single most frequent allele (frequency >0.9) and several rare alleles. If Aep and A approximated 1, then the profile was almost monomorphic. Enzymes involved in the primary metabolism corresponded more generally to these two types (Table 1) .
On the other hand, if Aep >2 and A >4, then the profile comprised at least two common alleles and several rare alleles. If Aep >2 and A was just slightly greater than Aep, then the profile comprised only frequent alleles (p >0.3). This was clearly the case for enzymes involved in the secondary metabolism. Therefore, comparison of A and Aep between the two enzyme classes showed that enzymes of class II revealed higher allelic richness (A = 2.135 for Table 1 were representative of all populations.
Within-population gene diversity Among the total number of seeds analysed (9720), 62 different alleles were identified. Gene diversity coefficients at the species level were: A = 4.769, Hes = 0.265 and H0 = 0.228. Eleven of the 13 loci were polymorphic. At the population level, because mainly expected heterozygosity depended on the most frequent alleles, frequency profiles had a clear effect on gene diversity parameters. Therefore the values of these parameters were clearly different between the two enzyme groups: all parameters (Ar, Aep, Hep, H0) showed lower values for enzymes of class I (Table 1) as already shown in a previous study (Zanetto et al., 1993) . Two loci (class I) (populations 3 and 4 of group 6) and 3.077 (population 76 of group 4). Analysis of variance between the geographical groups revealed that there were significant group differences for A and H0 (Table 2 ).
These differences appeared to be geographically distributed, as shown by the significant correlations between gene diversity parameters and geographical data, based on the calculations made at the population level. All four parameters were correlated with longitude, whereas correlations with altitude were only significant for Aep and Hep, and no correlations were significant with latitude (Table 2 ). Latitude and altitude were significantly correlated because of the geographical distribution of populations, which may explain the correlation between allele frequencies and altitude. There were, however, opposite trends of variation for allelic richness and heterozygosity values. Populations from the Loire to the Rhine river (longitude 0-9°E, Latitude 46-49°N) had higher values of within-population heterozygosity (H0) than populations located at the edges of the distribution (Fig. 2) . Values of allelic richness (Ar) showed exactly the opposite trend of variation: populations from the edges of the distribution comprised more alleles than populations from the central part (Fig. 3) . The additional alleles appeared to be rare alleles. Locus 6Pgd-B gives a good illustration of the pattern of variation of allelic richness. This locus was monomorphic in most populations except in those populations of group 4 (Alps), two populations of group 3 (Pyrenées) and one population of group 14. In each of these populations, more than two alleles were present.
Population differentiation Allele frequency differences among populations were significant for all loci, although the overall population gene differentiation was low (G = 2.5 per cent, Table 3 ). Genetic differentiation was lower among regional groups (Ggt = 0.8 per cent) than among populations (within regional groups) (Gsg = 1.7 per cent). This pattern of subdivision of There were clear differences of differentiation within geographical groups (Table 4 ). The larger the area of the geographical group, the higher the level of differentiation. Populations from groups 1, 2, 6, 7 and 13 were less differentiated within their groups than populations from groups 10, 12 and 14. As a result, differentiation between populations appeared to be a function of distance and was further studied by spatial statistical methods.
Although the population differences in allele frequencies were low, they appeared to be geographically organized. Among the eight loci that were analysed over all populations, seven revealed significant correlations between allele frequencies and longitude (Table 5 ). Altitude and latitude were correlated with allele frequencies for only six and five loci, respectively. Correlations may be spurious for rare alleles, where numerous populations did not exhibit a single example. In most cases, however, significant correlations referred to frequent alleles. An example of the magnitude and geographical distribution of allele frequencies is shown in Fig. 4 for allele Aap-A-4. Although the mean frequency varied only between 0.50 and 0.70, there was a clear longitudinal trend of variation. Western populations were 
G = (H-H)/H )
H: gene diversity within populations; Hg: gene diversity within regional groups; H: total gene diversity; Gsg: coefficient of gene differentiation within geographical groups (among populations); Ggt: coefficient of gene differentiation among regional groups; G: coefficient of gene differentiation over all populations. characterized by frequencies between 0.60 and 0.70 whereas all eastern populations showed frequencies lower than 0.60.
Spatialpattern of allele frequencies
Moran's I correlogram (Fig. 5 ) was characterized by: (i) strong positive autocorrelations at short distances (<200 km), (ii) strong negative values at large distances (>1200 kin) and (iii) a monotonic decrease with distance between the two extremes with a peak of positive values at 1100 km.
There was no apparent difference between enzymes of the primary and secondary metabolism.
Higher genetic similarities between populations separated by less than 200 km have already been shown by the values within the different geographical groups. Negatives values of I at the furthest geographical distances correspond to allele frequency differences between populations located 
Discussion
Cl/nat variation of allele frequencies
Although single locus gene differentiation between populations was small considering the large geographical area sampled (G varying between 1.6 per cent and 3.7 per cent), allele frequencies showed a continuous pattern of variation as shown by their significant correlations with geographical data. Longitudinal gradients appeared to be the more pronounced across loci, although significant relationships existed with altitude or latitude.
Range-wide studies in other European temperate forest trees indicate similar longitudinal patterns of variation. Multivariate statistics of allele frequencies showed that spruce populations were arranged from Central Europe to the Ural mountains along a continental gradient (Lagercrantz & Ryman, 1990) . Principal components analysis based on allele frequencies of three loci revealed a longitudinal type of variation in European beech (Comps et al., 1991) . There are two evolutionary hypotheses to account for the existing clinal variation in allele frequencies.
The first advocates selection of different alleles favoured along a geographical or ecological gradient (Endler, 1977) . The second refers to dispersal along a geographical axis (Wijsmann & Cavalli-Sforza, 1984) . Theoretical studies show that both processes, acting solely or in combination, end in parallel variation of allele frequencies along an axis corresponding to either the ecological gradient or the migration direction (Felsenstein, 1976; Fife & Peletier, 1981) . If selection is invoked, different axes should be identified for different loci, unless these are linked. On the other hand, if concordant axes are found for all loci, then long-range gene flow probably would be responsible for clinal variation in allele frequencies (Barbujani, 1988) . The results obtained for Q. pet.
raea support the migration hypothesis, because seven out of eight loci showed concordant correlations between allele frequencies and longitude. As shown in another paper, these loci belong to different linkage groups (G. Müller-Starck et al., unpublished data) . Concordant oriented patterns of gene frequencies were therefore observed for genetically independent markers, which could only be accounted for by a systematic cause, such as gene flow.
In the case of oaks, there have probably been two opposite continental migratory pathways according to the current knowledge of potential glacial refugia. Maps of fossil pollens indicate that deciduous oaks were restricted to three primary refugial areas (Huntley & Birks, 1983, pp. 352-369) : around the western side of the Bay of Biscay in northern Spain; the shores of the Black Sea on the eastern side; Italy and the Balkan peninsula in the central part. However, authors do not agree on the relative importance of these refugia. Conclusions based on the fossil pollen maps favour the western and eastern c The Genetical Society of Great Britain, Heredity, 75, 506-517. refugia (Huntley & Birks, 1983, pp. 352-369) whereas combined analysis of fossil maps, past climate and physiogeography provide evidence that Italy and the western Balkans constituted a major refugium during the glacial periods (Bennett et al., 1991) . The recolonization pathways probably followed two successive directions: a northern movement from all refugia, then an eastern migration for the Iberian refugium, and a western migration for the Balkan and the Black Sea refugia. These recolonization patterns may explain the existing correlation between allele frequencies and longitude (and latitude). The autocorrelogram also supports the hypothesis of widely distant refugia, as the pattern of variation corresponds to long-distance differentiation (Fig. 5 ). An additional consequence of the postglacial recolonization would be the existence of a transition or even a 'hybrid zone' (Hewitt, 1993) Even though inference about migration pattern from allele frequencies may be speculative (Felsenstein, 1982) , chloroplast DNA data (Ferris et at., 1993; reinforce the view that migration pattern is the main cause of the clinal variation in allele frequencies.
Geographical variation of levels of gene diversity
The results obtained in this study show that: (i) there is a clear geographical pattern of variation in the levels of diversity as indicated by significant correlation coefficients between the gene diversity parameters and longitude; and (ii) there is an opposite trend of variation between heterozygosity (H0) and allelic richness (Ar). More specifically, populations located between the Loire and the Rhine rivers exhibit higher levels of heterozygosity but comprise fewer alleles. The geographical variation of allelic richness might be attributed to four different processes involving either the loss of alleles in the north-western part of the range and/or the gain of alleles on the edges of the distribution. First, alleles, especially rare alleles, might have been lost because of drift during postglacial migration. In this scenario one would have expected a continuous loss along the recolonization routes, resulting in a significant
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decrease of alleles at the northern extremities of the natural range. The geographical distribution of allelic richness apparently does not follow this pattern (Fig. 3) . Secondly, alleles might have been lost because of selection pressures. Rare alleles have been associated with decreased fitness (Bush & Smouse, 1992) . In Q. robur significant segregation distortions were obtained to the detriment of rare alleles (A. Zanetto et al., unpublished data) . Selection against rare alleles was more likely to occur when viability selection was strongest, on optimal growing sites, where actually fewer alleles were counted (Fig. 3) . The process advocated for the gain of alleles in the southern part of the natural range is twofold. First, more alleles might result from hybridization with other oak species. Twenty-one oak species grow in central and southern Europe whereas only two (petraea and robur) occupy the more temperate regions (Kleinschmit, 1993) . Quercus petraea has four related species growing in central Europe (Czechoslovakia, Hungary, Romania) (Matyas, 1970 (Matyas, , 1971 Stanescu, 1979; Koblizek, 1993) among which extensive hybridization has been reported (Matyas, 1967) 
